Pyrolysis of ternary molecular single-source precursors in non-coordinating solvents yields
sut@k-source Ctdd !'recursor nanocrystalline chalcopyrite materials. The precursors decompose at 200 "C to form an intermediate material, which forms CuInEz (E = S , Se) upon heating to 300 "C. The nanoparticles are probed by powder X-ray diffraction, absorption spectroscopy, and electron microscopy.
his report is a preprint of an article submitted to journal for publication. Because of changes that lay be made before formal publication, this reprint is made available with the understanding )at it will not be cited or reproduced without the emission of the author.
Introduction. The space photovoltaic community is well aware of the cost benefits to both mission and spacecraft development associated with the continued increase in solar cell efficiency. The developmental efforts in regard to both Si-and GaAs-based cells have resulted in nearly eliminating the efficiency differences between actual devices and theoretical estimates.
Over the past decade much of the cell efficiency improvements have resulted from the move towards multi-junction devices. However, as researchers continue to push the envelope, they are looking towards new approaches, such as the use of nanotechnology, in improving device performance.
Future photovoltaic devices may employ materials such as semiconductor quantum dots. The inclusion of nanocrystalline materials in photovoltaic devices' has been proposed as a means to improve the efficiency of photon conversion (intermediate band solar ~e l l ) ,~*~.~e n a b l e low-cost deposition of thin-film~,~ provide sites for exciton dissociation and pathways for electron transport. 6, 7, 8, 9, 10, 11 The Intermediate Band Solar Cell (IBSC) was proposed by Luque and Marti several years ago2 as a means to greatly exceed the Schockley-Queisser efficiency of a cell. Their calculations predict a theoretical efficiency of over 63%, well in excess of the most efficient cells available today.
The IBSC comprises a layer of size-graded quantum dots encapsulated in a barrier semiconductor, sandwiched between the p and n junctions of a solar cell. In their proposal,2b
Stranski-Krastanow grown dots (InGaAdAlGaAs system) 4 nm diameter and spaced 10 nm apart will give the highest efficiency.
Composites of quantum dots and conductive organic polymers have been employed to overcome some of the limitations of charge transport efficiency due to low electron mobility in conjugated organic polymers. Huynh et al.6b blended CdSe nanorods (7 x 60 nm, 90 wt.%) with poly (3-hexylthiophene) (P3HT) and built a device with a conversion efficiency of 1.7% at AM1.5. Aricj et aL7b have studied the photovoltaic properties of CuInS2/methanofullerene composites and fabricated a working device with a conversion efficiency of 0.09%. Composites of CdS and polyaniline" have been shown to increase the open circuit photovoltage and short circuit current of a multilayer device compared to devices without CdS nanoparticles.
Quantum dots are also more resistant to degradation from electron, proton, and alpha particle radiation than the corresponding bulk material, preferred characteristics for use in space solar An InP p-i-n solar cell with quantum wells of InAsP has been shown to have greater cells. 12, 13, 14 resistance to proton irradiation than an InP cell without quantum wells in~1uded.l~ Another study14 compared GaAs bulk structures to GaAs structures which contained InAs quantum dots or quantum wells. The structures containing quantum dots were found to be more resistant to electron radiation than those containing the quantum wells, which in turn were more resistant than the base GaAs structure. In these samples the quantum dots or wells were grown by MOCVD.
Chalcopyrite-based photovoltaic devices (Cu(In:Ga)(S:Se)2) have been a focus of the space Thin-film photovoltaic devices made with photovoltaic community for over two decades.
the chalcopyrite semiconductors are expected to be highly efficient. Thin-film CuInS2 cells with efficiencies of 12.5% have been successfully produced," while efficiencies up to 18.8% have been recorded with Cu(In, Ga)Se2-based cell^.'^ The band gap of CuInS2 (Eg = 1.5 eV) is well suited to the AM0 solar spectrum for photovoltaic performance. Although CuInSe2 (Eg = 1.1 eV)
is not as well suited, it has other attributes such as a high absorption coefficient and low-cost methods for deposition of thin-films which make CuInSe2 a promising material for photovoltaic devices. 15.16.17 The possibility of increased efficiency and resistance to radiation-induced defects lead us to investigate quantum dots as part of our ongoing research on chalcopyrite materials for space photovoltaic applications. In contrast to the overall quantity of quantum dot research2' in the In practice however, synthesis of a desired size nanoparticle is not always simple. This is especially true for the higher-order ternary and tertiary materials. If separate sources are used for the different metals and chalcogenides, binary materials can be preferentially formed as a result of different solubility of the products and reactivity of the precursors.
A method to circumvent the formation of undesirable reaction products is through the use of single-source precursors. Single-source precursors are discrete molecules which include all the elements required in the final material. These precursors can be designed with many properties in mind, including: stoichiometry, solubility, and volatility. As CuInS2 is a promising material for thin-film photovoltaics and quantum dot solar cells, our group has studied the synthesis of potential precursors to CuInS2 and CuInSe2, and the subsequent conversion of these precursors to thin-films of the bulk semiconducting materials.
(PPh3)2CuIn(SEt)4 ( Figure 1 Further work with this class of molecules has yielded analogous precursors with desirable properties such as lower melting points (including the liquid precursor ( P " B U~)~C U I~( S E~)~)~~~ and higher solubility in organic solvents. In this work, the precursor (PPh3)2CuIn(SEt)4 (1) was used in the synthesis of CuInS2 nanoparticles. The analogous compound (PPh3)2CuIn(SePh)4 (1') was used in the synthesis of CuInSe2 nanoparticles. To the best of our knowledge, this paper presents the first reported use of a ternary single-source precursor to synthesize chalcopyrite nanoparticles.
Experimental Section
Materials. Measurement. Optical spectra were recorded on a Perkin Elmer Lambda 19 spectrophotometer; samples were embedded on 3M brand Scotch Tape for analysis. Scanning electron microscopy (SEM) was performed on a Hitachi S3000N microscope operating at 25 kV; samples were prepared by dispersing a few milligrams of powder in methanol or toluene prior to dropping on an aluminum support (SPI) and allowing the solvent to evaporate. Elemental analyses were collected with an EDAX energy dispersive X-ray spectrometer operating at 25 kV. The results were quantitated by ZAF standardless correction.
was performed on a Philips CM200 operating at 200 kV in bright field mode. The digital image was collected on a Gatan Imaging Filter (GIF l k x lk). The magnification was calibrated using the Mag*i*cal TEM standard (httr,://www.emsdiasum.com/en~s/calibratio~ma~ical.html). The TEM grids were Ted Pella 01 88 1 lacey carbon; samples were prepared by dipping the grid into a milliliter of methanol containing suspended nanocrystalline powder and allowing the methanol to evaporate. Powder X-ray patterns were obtained on a Philips X'Pert diffractometer using Cu K a Transmission electron microscopy (TEM) radiation, excited at 45 kV and 40 mA. The X-rays were collimated at the source with a 10 mm mask and divergence slit set at 1 ") and at the detector with a 2 mm receiving slit and anti-scatter slit set to 1".
Preparation of CuInSz Nanoparticles. Dioctyl phthalate (10 mL) was heated to 125 "C under vacuum for one hour to dry and degas the solvent; the flask was backfilled with argon and cooled to room temperature prior to adding the precursor. (PPh&CuIn(SEt), (1.945 g, 2.0 mmol) was added to the reaction flask and heating resumed. At approximately 150 "C the precursor dissolved to form a transparent yellow solution; no further change was observed with time at this temperature. At this point the solution could be returned to room temperature without reprecipitation of the precursor. Upon increase of the temperature to 200 "C a red powder (product 2) began to precipitate within a few minutes; a reaction time of two hours was employed to complete the precipitation and maximize the yield. After cooling to room temperature under argon, the reaction mixture was washed to remove any unreacted precursor and the red powder was isolated by centrifugation. The powder was washed consecutively with toluene and methanol to remove reaction by-products and any unreacted starting material and was dried under vacuum at 60 "C. The washing and centrifugation steps were carried out in ambient atmosphere.
The product appeared to be only slightly air-sensitive at room temperature; a green tinge has been observed on the surface of the powder after several weeks in ambient lab atmosphere. 0.427 g of 2 was collected and stored in a glove box for future use.
A portion of the red powder (100 mg) was subsequently returned to a flask containing fresh dioctyl phthalate (10 mL), heated to higher temperatures, 250 or 300 "C, and held for one hour.
When the temperature is 250 "C, a brownhlack powder (product 3) was obtained; at 300 "C the resulting powder was black (product 4). Each powder was washed and dried in the same manner before analysis.
Preparation of CuInSea Nanoparticles. The same procedure as above was followed for the CuInSe2 precursor, the exception being that the precursor dissolved in the dioctyl phthalate at powder was washed with for two ten minute periods with gentle agitation. On the basis of the previous study, ten minutes would be sufficient to dissolve up to six micron diameter particles.
The sample was washed thoroughly with distilled water and dried under vacuum. The XRD pattern of the product was completely unaffected by the KCN wash. From this it is possible to conclude that copper sulfide, with the copper in either the mono-or divalent state, is not a significant component of 2. It is not possible to assign the identity of 2 and 2' on the basis of XRD patterns. Investigation into the identity of these materials is on-going. It is important to note though, that identification of these products is not critical to this report, as both 2 and 2' are cleanly converted to the desired chalcopyrite materials at higher reaction temperatures (250 and 275 OC, respectively).
Optical spectroscopy was also employed to characterize the nanocrystals. An increase in bandgap energy is one of the characteristics of size-quantization in semiconductor nanoparticles.
However, the absorption onsets for 3,4,3' and 4' are at lower energy than those of the bulk band-gaps. The onset for 3 is -1.38 eV, and 4 is -1.2 eV. Sub-band-gap absorption is not uncommon for CuInE2 (E = S, Se); it has been observed in thin-films and polycrystalline samples. It can be attributed to surface defects and grain boundaries. In theory, both of these should diminish in importance with increasing sample preparation temperature, as the particles should both increase in size and defects at the surface should anneal out. The apparent opposite is observed here, the onset of absorption for 4 (prepared at 300 "C) shows a sub-band-gap absorption at even lower energy than for 3 (prepared at 250 "C). The same trend is observed for the CuLnSez powders, see Figure 3b and 3d. These observations are likely due to the relatively low synthesis temperatures compared to the typical bulk annealing temperatures at 600-700 "C.
Elemental analysis by ZAF standardless correction ( A collection of reviews on this topic is available in a special issue of Physica E (2002, 14, issue 1-2 The Bohr exciton radius is calculated by re = -a B , where , D = *-, 33 
